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Long-term monitoring of circadian rhythms in c-fos gene
expression from suprachiasmatic nucleus cultures
Michael E. Geusz*, Colin Fletcher†, Gene D. Block*, Martin Straume*, 
Neal G. Copeland†, Nancy A. Jenkins†, Steve A. Kay‡ and Richard N. Day*
Background: The AP-1 family of transcription factors has been implicated in
the control of the expression of many genes in response to environmental
signals. Previous studies have provided temporal profiles for c-fos expression
by taking measurements from many animals at several points in time, but these
studies provide limited information about dynamic changes in expression. Here,
we have devised a method of continuously measuring c-fos expression.
Results: A transgenic mouse line expressing the human c-fos promoter linked
to the firefly luciferase reporter gene (fos/luc) was generated to continuously
monitor c-fos gene expression. A second transgenic mouse line expressing
luciferase under the control of the cytomegalovirus promoter (CMV/luc) served
as a control. Luminescence originating from identifiable brain regions was
imaged from fos/luc brain slice cultures. Expression of the fos/luc transgene
accurately reflected transcriptional responses of the endogenous c-fos gene.
Dynamic changes in fos/luc expression in suprachiasmatic nuclei (SCN) explant
cultures were monitored continuously, and luminescence showed almost
24 hour rhythms lasting up to five circadian cycles. In contrast, bioluminescence
monitored from CMV/luc SCN explant cultures was not rhythmic.
Conclusion: The fos/luc transgenic mouse will be useful for long-term, non-
invasive monitoring of c-fos transcriptional responses to the changing cellular
environment. Circadian rhythms in c-fos expression can be monitored non-
invasively in real time from the SCN, clearly demonstrating that c-fos
transcription is regulated by the circadian clock. 
Background
Cells respond to developmental or environmental cues by
changing their patterns of gene expression. The AP-1
family of transcription factors, composed of the Fos-
related and Jun-related proteins, has been implicated as a
‘master switch’ in modifying gene expression in response
to a changing environment. The c-fos gene is expressed in
all tissues and, depending upon the cell type, can be
induced by a variety of stimuli including growth factors,
endocrine hormones, neurotransmitters, stress or light
input. The regulatory elements of the c-fos gene promoter
provide the transcriptional responses to all of these signals
and are highly conserved between species [1]. The tempo-
ral and spatial distribution of c-fos expression in the central
nervous system has been intensely investigated using a
range of experimental techniques [2].
A light-induced diurnal rhythm in c-fos expression in the
suprachiasmatic nuclei (SCN) of the hypothalamus has
previously been characterized and is particularly important
to the studies presented here. The SCN are critical to cir-
cadian-rhythm generation [3–5] and the rhythmic expres-
sion of c-fos in the SCN provides a potentially useful
marker for the circadian pacemaker [6–12]. The AP-1 tran-
scription factors have been implicated in the entrainment
of the SCN to daily light cycles [13], although their
precise role as a molecular signal in the circadian time-
keeping mechanism remains to be determined [14,15].
Techniques currently used to assay c-fos expression in the
SCN only give information about the degree and gross
spatial pattern of expression. A technique that allows con-
tinual monitoring of c-fos gene expression in living cells
would provide a unique perspective on transcriptional
responses to the changing cellular environment. More-
over, the ability to monitor a dynamic pattern of transcrip-
tion over long periods of time would be particularly
relevant to the study of the relatively slow cellular oscilla-
tions that are the hallmark of circadian rhythms.
A transgenic mouse model, the fos–lacZ mouse, was shown
to report accurately both constitutive and induced c-fos
expression [16,17]. As with immunohistochemistry or in
situ hybridization, however, the lacZ reporter gene pro-
vides limited information regarding dynamic changes in 
c-fos gene expression. In contrast, the bioluminescent
firefly luciferase protein has proven to be a useful reporter
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protein for monitoring the dynamics of gene activity in
living cells [18,19]. Luminescence from luciferase
expressed in transgenic plants, Drosophila, zebrafish and
mammalian cells in culture has been used to monitor real-
time dynamic changes in gene transcription from the
living organism [20–23].
Here, we report the characterization of a transgenic mouse
that expresses the firefly luciferase gene under the control
of the human c-fos promoter (fos/luc). This animal model
provides a unique system for monitoring changes in c-fos
promoter activity in living tissue explant or dispersed cell
cultures. A second transgenic mouse line was generated to
serve as an important control for the fos/luc studies: in
these mice, luciferase transcription is driven by the
cytomegalovirus (CMV) promoter (CMV/luc). Using dis-
persed cell and tissue cultures derived from the mice, we
present the first clear demonstration in vitro of a circadian
rhythm in c-fos transcriptional activity. 
Results
Analysis of the distribution of bioluminescence from
fos/luc and CMV/luc mouse tissues
Four independent founder strains were derived and char-
acterized for luciferase expression for both the fos/luc and
CMV/luc transgenic mice. Southern blot analysis was used
to confirm single-site integration and transmission of the
transgenes to the offspring. The expression of the
luciferase transgene in protein extracts prepared from a
variety of different tissues from the fos/luc and CMV/luc
mice was determined by luminometry. For the CMV/luc
mice, luciferase expression was detected in all tissues
examined, with levels ranging from a low of 100 Turner
light units/mg protein (TLU/mg) in spleen to over
7052 TLU/mg in heart. In contrast, luciferase activity was
substantially lower in tissues from the fos/luc mice, with
levels ranging from 1 to 5 TLU/mg in kidney, liver, lung,
spleen, heart and various regions of the brain. Testis and
skin were found to have the highest luciferase expression
levels, exceeding 100 TLU/mg. 
We used imaging of bioluminescence from living brain-
slice cultures prepared from either the fos/luc or CMV/luc
transgenic mice to examine the spatial distribution of
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Figure 1
Distribution of luciferase bioluminescence in coronal brain slice
cultures prepared from fos/luc and CMV/luc adult mice. (a) Upper left
panel: bioluminescence detected from anterior brain fos/luc slice
cultures 4 h after dissection using a 30 min camera integration. The
pseudocolor overlay of the bright-field images shows relative
bioluminescence as a scale from low indicated by blue to high
indicated by red and is the same for all images. Upper right panel:
bioluminescence detected using a 30 min camera integration from the
same preparations shown in the upper left panel after 22 h in culture.
Note that the luminescence signal was highest in discrete, paired brain
regions near the ventricles. Lower left panel: bioluminescence
detected from brain slice cultures prepared from the anterior brain of
CMV/luc mice. Luminescence was detected using 30 min integration
1 h after dissection. Lower right panel: a different group of CMV/luc
brain slice cultures were imaged with 1 min camera integration 44 h
after dissection. Bioluminescence in CMV/luc cultures was not
associated with particular brain regions. (b) Bioluminescence from a
neonatal fos/luc mouse anterior brain slice maintained in culture for
1 week. The luminescence signals were detected using an optic fiber-
coupled camera and a 10 min integration time. Luminescence was
observed from the thalamus, hypothalamus, and hippocampus. 
(c) Bioluminescence from a brain slice culture prepared from a 20 day
old fos/luc mouse. The slice was maintained in culture for 2 days
before monitoring of bioluminescence. Luminescence was detected
originating from the region of the hypothalamus, including the
suprachiasmatic nucleus (SCN). A 30 min camera integration was
used and the pseudocolor overlay of the bright-field image indicates
relative signal intensity. This culture stained with thionin is shown on
the right for comparison.
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luciferase expression (Figure 1a, upper panels). By
4–6 hours after dissection, the slice cultures from fos/luc
mice showed diffuse bioluminescence over the entire slice
culture, which might be caused by a general induction of
c-fos transcription in response to dissection. Certain paired
brain regions showed particularly high bioluminescence in
slice cultures 22 hours after dissection (Figure 1a, upper
panels). Slice cultures from CMV/luc mice showed
detectable bioluminescence within 1 hour of dissection,
consistent with the significantly higher level expression of
the CMV/luc transgene compared to fos/luc. Biolumines-
cence was more uniformly distributed than that in fos/luc
cultures and was not clearly associated with specific brain
regions (Figure 1a, lower panels). Imaging of biolumines-
cence from coronal slice cultures prepared from neonatal
fos/luc mice and maintained in culture for one week
revealed that luciferase activity was present in identifiable
brain regions: the septum, hippocampus, thalamus and
hypothalamus (Figure 1b). Lower level signals were
observed from suprachiasmatic, supraoptic and paraven-
tricular nuclei of the hypothalamus, whereas little or no
signal was detected from the cerebral cortex. Lumines-
cence was also observed from the hypothalamus, arcuate
and hippocampus of slice cultures prepared from a 20 day
old fos/luc mouse after 2 days in culture (Figure 1c).
Induction of the fos/luc transgene
The region encompassing –405 to +42 bp of the human 
c-fos promoter was used in these studies. This region of
the promoter includes the identified sis-inducible
element, the serum response and AP-1 composite ele-
ments, and the consensus cAMP response element. These
sequences are highly conserved between human and
mouse [1]. In the brain, induction of c-fos promoter activ-
ity by a variety of stimuli is both rapid and transient. We
next used dispersed hypothalamic cell cultures from fos/luc
mice to assess the response of the transgene to several
stimuli known to induce c-fos transcription. The fos/luc
hypothalamic cell cultures were maintained in serum-free
medium and bioluminescence was monitored continu-
ously as described in Materials and methods. The change
in bioluminescence was determined over a 5 hour period
following the indicated treatment (Figure 2). When the
culture medium was exchanged with medium containing
the convulsant pentylenetetrazole (PTZ) at 1 mM or
45 mM KCl to trigger c-fos transcription, bioluminescence
significantly increased by 5-fold and 20-fold, respectively,
compared to the control cell culture (p < 0.05, Figure 2).
Likewise, medium containing 10% newborn calf serum
(NCS) resulted in approximately 50-fold induction of bio-
luminescence (p < 0.01, Figure 2).
To demonstrate that expression of the transgene mirrored
that of the endogenous c-fos gene, we examined changes in
mRNA levels for both c-fos and luciferase in response to
serum, using dispersed brain cell cultures from fos/luc mice.
Total RNA was prepared from the brain cell cultures main-
tained under serum-free conditions prior to a 25 minute
pulse of 10% serum (0 minutes) or at 30 minutes or
180 minutes after the beginning of the serum pulse. RNA
blot hybridization was performed using uniformly labeled
cRNA complementary to mouse c-fos exon 4, a portion of
the firefly luciferase coding sequence, or the mouse glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) tran-
script. The results shown in Figure 3a demonstrated a
profound induction of the c-fos transcript 30 minutes after
the addition of serum. As would be expected for this
immediate-early gene, the mRNA levels returned to
control levels by 180 minutes after the addition of serum.
Similarly, the luciferase transgene mRNA was induced at
30 minutes and the levels of this transcript returned to near
control levels at 180 minutes after serum treatment. An
internal control, the mouse GAPDH mRNA, did not show
this pattern of rapid and transient response to serum but
was constitutively expressed. Taken together, these results
demonstrate that the luciferase transgene accurately
mirrors the responses that are characteristic of endogenous
c-fos gene transcriptional activity.
We then used continuous photon counting to examine the
temporal characteristics of luciferase activity as a reporter
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Figure 2
Induction of fos/luc transgene expression by stimuli known to activate
c-fos gene transcription. Dispersed hypothalamic cell cultures
prepared from fos/luc mice were maintained in serum-free medium at
25°C. The indicated treatments were added to the culture medium;
control cultures received medium alone. Medium was exchanged with
medium containing 1 mM pentylenetetrazole (PTZ), 45 mM KCl (K+) or
10% newborn calf serum, and bioluminescence was monitored
continuously. The average change in the bioluminescence signal
(± s.e.m.) 5 h after addition of the indicated treatment is plotted. The
number of cultures measured is given below the figure.
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of the serum response for dispersed brain cell cultures.
Some of the photon counting studies described below were
performed using explant cultures maintained at 25°C. As
temperature was expected to have an effect on the expres-
sion and turnover of the luciferase reporter protein, we
compared the time course of the expression of the trans-
gene in response to serum for cultures maintained at either
25°C or 36°C. The results shown in Figure 3b demonstrate
induction of the bioluminescence signal in response to a
25 minute pulse of 10% serum. The time to peak biolumi-
nescence after serum treatment was significantly faster for
cultures maintained at 36°C than those maintained at 25°C
(4.65 ± 0.22 hours, n = 4; and 12.28 ± 1.86 hours, n = 7,
respectively, Figure 3b). Furthermore, the time to half
decay in the peak bioluminescence signal was also signifi-
cantly more rapid for cultures maintained at 36°C than
those maintained at 25°C (5.5 ± 0.50 hours, n = 4; and
12.35 ± 2.27 hours, n = 4, respectively, Figure 3b). The
induction of Fos protein has previously been reported to
follow closely that of the transcript, peaking at
30–45 minutes, and the protein half-life was determined to
be about 2 hours [24]. The half-life of the firefly luciferase
protein, when expressed in mammalian cells in culture
maintained at 37°C, was reported to be similar to that of
the Fos protein [25]. Our results show that the biolumines-
cence signal from the fos/luc brain cell cultures maintained
at 36°C has slower induction and decay kinetics than might
be predicted for the endogenous Fos protein. These
results, however, clearly demonstrated the transient nature
of the bioluminescent response from these living cell cul-
tures, illustrating the potential use of this preparation for
monitoring changes in c-fos transcriptional activity over
long periods of time.
Circadian rhythms in fos/luc bioluminescence
The diurnal rhythm in c-fos mRNA and Fos protein in
SCN has been characterized [6–12], and Smeyne et al. [17]
have demonstrated that β-galacosidase activity can be
induced in the SCN of fos–lacZ transgenic mice by expo-
sure to a light pulse in the middle of the night. To examine
the ability of the fos/luc transgenic animal to monitor rhyth-
mic changes in c-fos transcriptional activity over time, we
applied continuous photon counting to living fos/luc SCN
explant cultures. To improve the signal-to-noise ratio by
reducing the dark counts of the photomultiplier tube, we
monitored the luminescence of the SCN explant culture at
25°C. The results in Figure 4 demonstrate that circadian
bioluminescence rhythms could be detected from both
neonatal (Figure 4a,b) and adult (Figure 4c,d) SCN
explant cultures prepared from fos/luc mice. Biolumines-
cence from these cultures was recorded for as long as
20 days, and showed almost 24 hour luminescence rhythms
that persisted for up to five cycles (Figure 4a–d). One of
the neonatal explant cultures that was not obviously rhyth-
mic showed an increased luminescence signal and the
emergence of a clear circadian luminescence rhythm after
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Figure 3
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Comparison of the induction of fos/luc transgene expression to that of
the endogenous c-fos gene and analysis of the temporal
characteristics of luciferase expression. (a) Northern blot analysis of
the serum induction of endogenous c-fos mRNA, luciferase mRNA and
GADPH mRNA in dispersed brain cell cultures prepared from fos/luc
mice. The fos/luc brain cell cultures were maintained in serum-free
medium for 5 days prior to treatment with NCS. Total RNA was
prepared from control cell cultures before addition of serum, and at
30 min and 180 min after a 25 min pulse of 10% serum. The RNA was
fractionated by denaturing agarose gel electrophoresis, and after
transfer to nylon membranes, the blots were hybridized with uniformly
labeled cRNA probes complementary to mouse c-fos exon 4, the
luciferase coding sequence or mouse GADPH. The 2.2 kb c-fos
mRNA, 3 kb luciferase transcript and 1.4 kb mRNA for the GADPH
housekeeping gene were detected. (b) Serum induction of luciferase
expression in dispersed brain cell cultures from  fos/luc mice.
Bioluminescence signals were monitored continuously from fos/luc
brain cell cultures maintained at 25°C or 36°C. After 14 h, both
cultures received a 25 min treatment with 10% NCS. The change in
the bioluminescence signal over time is plotted. (c) Time to peak
luminescence and decay of the luminescent signal. Both the time to
the peak luminescence after addition of serum and the time to half
decay of the signal were assessed for cultures maintained at both
temperatures. The results are plotted as time to peak signal and time
to half decay of the peak signal (± s.e.m.).
the addition of forskolin, a known inducer of c-fos gene
transcription (Figure 4b). A circadian luminescence
rhythm also appeared in adult SCN explants and
emerged as early as 5 days after dissection (Figure 4c,d).
Rhythms were detected in four of seven adult SCN
explant recordings. We applied a fast Fourier transform
non-linear least squares routine (FFT-NLLS) [26,27] to
obtain period estimates for the luminescence rhythms
recorded from fos/luc SCN explants (Figure 5). The vari-
ance-weighted average period for both neonatal and adult
fos/luc explant SCN cultures was 24.32 ± 0.38 hours (error
of the mean,  n = 8).
These results suggest that circadian clock-regulated c-fos
transcription gives rise to the rhythmic expression of the
luciferase reporter gene and the resulting circadian
luminescence rhythm. It is possible, however, that the
steps in the luciferase enzymatic reaction were the target
of some activity driven by the circadian pacemaker, such
as rhythmic changes in metabolism. To control for possi-
ble effects of the SCN pacemaker on luciferase itself,
SCN explant cultures were made from CMV/luc mice and
bioluminescence was recorded for up to 3 weeks (n = 7).
These cultures produced a much higher signal than the
fos/luc explants and showed no evidence of circadian
rhythmicity. The signal remained high for several days
and then declined during the rest of the recording period
(Figure 6a). As an additional control, we monitored
bioluminescence from fos/luc mouse brain explant cul-
tures prepared from anterior hypothalamus and no
detectable rhythms in the luminescence signal were
observed (Figure 6b).
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Figure 4
Circadian rhythms in bioluminescence
monitored continuously from fos/luc SCN
explant cultures. (a) A rhythm from a neonatal
explant after 1 week in culture with 10%
serum. (b) A neonatal explant shows
increased bioluminescence and an obvious
circadian rhythm after addition of 50 µM
forskolin (arrow). (c,d) Circadian rhythms in
bioluminescence in SCN explant cultures from
adult fos/luc mice maintained in defined
medium.
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Discussion
We have demonstrated that the fos/luc transgenic mouse
model is useful for long-term, non-invasive monitoring of
c-fos transcriptional activity from dispersed cell cultures
or tissue explants. Using RNA blot hybridization, we
demonstrated that both the endogenous c-fos gene tran-
script and the c-fos promoter-driven luciferase gene tran-
script were rapidly and transiently induced by serum.
These results showed that both the induction of fos/luc
transgene expression and the turnover of the resulting
luciferase mRNA transcript accurately reflected those of
endogenous c-fos. We have shown that expression of the
luciferase reporter protein could be detected in particular
brain regions by imaging of bioluminescence from fos/luc
mouse brain slice cultures, whereas imaging from brain
slice cultures prepared from the CMV/luc transgenic mice
showed only a diffuse pattern of bioluminescence. The
pattern of c-fos expression in the brain has been used as a
general indicator of neural activity [2,16,28,29], as a bio-
marker for excitotoxin and shellfish neurotoxin activity
[28,30] and even as a marker for wakefulness [31]. Our
studies indicate that the fos/luc transgene is useful as a
dynamic indicator of c-fos transcriptional responses in
specific brain regions, and possibly also in other tissues.
In order to characterize the responses of the transgene, we
used several different stimuli that are known to induce 
c-fos promoter activity. By monitoring bioluminescence of
hypothalamic cell cultures from fos/luc mice, we showed
induction of reporter protein activity in response to serum,
depolarizing potassium levels, or the convulsant PTZ.
These results demonstrated transcriptional responses of
the transgene to a range of signal transduction pathways
known to induce c-fos gene transcription [28,29,32–34].
Moreover, the response to the γ-aminobutyric acid
(GABA) receptor antagonist, PTZ, indicated that func-
tional GABAergic synapses, characteristically found within
the SCN [34], were present in the hypothalamic cell cul-
tures and capable of conferring a signal to the transgene.
Figure 5
Period estimates of SCN explant rhythms relative to age of the
cultures. Cultures prepared from neonates, juveniles and adults are
plotted relative to their time in culture plus their age when dissected.
Period estimates were obtained using FFT-NLLS routine as described
in Materials and methods. Error bars are 95% confidence limits of the
period estimates.
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Figure 6
Bioluminescence monitored from control
explant cultures. Continuous monitoring of
bioluminescence from (a) SCN explants
prepared from CMV/luc mice or (b) explants
from the anterior hypothalamus of adult
fos/luc mice which did not include the SCN.
In (a), CMV/luc SCN cultures produced high
signals of luminescence that then slowly
decayed over 2 weeks. Recordings are shown
from two independent cultures. In (b), anterior
hypothalamic explants outside of the SCN
from fos/luc mice showed slowly decaying
signals over 1 week of continuous monitoring.
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Together, our results demonstrate that induction of trans-
gene expression by specific signal transduction pathways
can be monitored non-invasively from the living fos/luc cell
cultures using the luciferase reporter protein.
The feature that distinguishes luciferase from other
reporter proteins that are commonly used to assess gene
activity is its rapid turnover, which allows the luciferase
protein to accurately report rapid changes in gene expres-
sion [19]. Thompson et al. [25] reported that the half-life
of luciferase in a stably transfected human hepatoblastoma
cell line maintained at 37°C was approximately 3 hours,
which is similar to the 2 hour half-life reported for the Fos
protein [24]. Using continuous monitoring of biolumines-
cence from dispersed fos/luc mouse brain cell cultures
maintained at 36°C, we demonstrated that the peak lumi-
nescence occurred approximately 4.6 hours after serum
induction, and decay of the luminescent signal to half of
the peak response occurred over 5.5 hours. While using
this method to monitor rhythms in c-fos transcriptional
activity from SCN explant cultures, we observed that the
luminescent signal from some of the SCN explant cultures
increased continuously for the duration of the recording
(Figure 4). It is possible that the half-life of luciferase in
these preparations, monitored at 25°C, was sufficiently
long to prevent a return to baseline before the initiation of
the next cycle, resulting in a continuous increase in the
signal. This trend, however, did not interfere with the
detection of the rhythmic expression of the transgene.
Furthermore, analysis of the data by the NLLS routine
[26,27] showed that this gradual change did not influence
the period estimates. Although bioluminescence from the
fos/luc cell cultures has a profile of induction and decay of
signal that was slower than that expected for the endoge-
nous Fos protein, our results verified the transient nature
of the luminescent signal from these living cell cultures
and revealed that this preparation would be useful for
monitoring changes in c-fos transcriptional activity over
long time periods.
Several investigators have used luciferase as a non-invasive
reporter of dynamic changes in gene expression over long
time periods from living transgenic organisms and in cells
in culture [20–23]. Studies from Brandes et al. [21] proved
the advantages of this non-invasive approach over conven-
tional biochemical techniques for obtaining high time-res-
olution profiles of changes in the expression of the
Drosophila clock gene period from living transgenic flies.
We continuously monitored luminescence to assess the
temporal regulation of c-fos transcriptional activity in the
SCN of fos/luc mice. It has been established that changes
in c-fos mRNA and Fos immunoreactivity in SCN occur
during the circadian cycle, and that light induction of c-fos
expression depends on the phase of the pacemaker [6–11].
However, direct evidence for a circadian rhythm in c-fos
gene expression that persists under constant conditions is
based upon a limited number of time points obtained
using conventional biochemical assays [35–38]. We present
here the first high-time resolution measurements of c-fos
transcriptional activity from several SCN explant cultures
from fos/luc mice and demonstrate clear circadian rhythms
in the bioluminescence signal. These rhythms were not
due to an influence of the circadian pacemaker on the
luciferase protein or its enzymatic activity because biolu-
minescence signals from CMV/luc SCN cultures were not
rhythmic. Furthermore, we found no evidence of circadian
rhythmicity in brain explant cultures from fos/luc mice
taken from outside the SCN, again suggesting that the
SCN pacemaker itself was responsible for the biolumines-
cence rhythm.
We have generated a transgenic mouse model that will be
useful for long-term monitoring in vitro of c-fos promoter
transcriptional responses to the changing cellular environ-
ment. Our results demonstrate that this unique animal
model should be useful for the investigation of circadian
pacemaker control of c-fos transcription in the SCN.
Recent studies have demonstrated long-term, non-invasive
recording of circadian rhythms in spontaneous electrical
activity from neonatal rat SCN cell cultures [39] and mouse
SCN explants [40] using microelectrode arrays. This tech-
nology could possibly be combined with continuous moni-
toring of luminescence rhythms from fos/luc SCN cultures
to determine the temporal relationship between rhythmic
c-fos transcription and spontaneous electrical activity. Our
studies have been limited to the analysis of the spatial and
temporal expression of the fos/luc transgene in specific
brain regions. As the fos/luc transgene is expressed in all
tissues, however, every cell type from these animals has
the potential to be used as a biosensor for signal transduc-
tion pathways that act upon the c-fos promoter.
Materials and methods
Generation of transgenic mice
A 447 bp fragment containing the human c-fos promoter (from –405 to
+42 bp) was excised from the pFC700 plasmid [41] (kindly provided
by Joseph Nevins, Duke University) and inserted into the pLucIAV
vector (R. Day, unpublished observations) upstream of the luciferase
reporter gene. This vector encodes a mutant luciferase protein that
localizes to the cytosol, preventing peroxisomal loading associated with
the native form of the protein that may interfere with cellular processes
[42]. A 3750 bp DNA fragment containing the human c-fos promoter,
luciferase reporter gene, SV40 small-t intron and polyadenylation signal
was excised and purified. The DNA fragment was microinjected into
the male pronuclei of fertilized mouse eggs (B6C3HF1 × B6). A similar
strategy was used for generation of mice transgenic for the CMV pro-
moter linked to luciferase [43]. Confirmation of single-site integration of
the transgenes into the mouse genome was assessed by Southern blot
analysis of DNA isolated from tail clips. Subsequent analysis of 
expression of the luciferase protein in mice that had integrated the
transgene was confirmed by analysis of luciferase activity in the skin
from tail clips as described below. This approach was used to monitor
passage of the transgene to offspring. Of four original fos/luc founder
lines, the line showing highest expression was used for all subsequent
breeding. Homozygous CMV/luc and heterozygous fos/luc mice were
used for bioluminescence recordings from cell and tissue cultures.
Assaying luciferase activity in tissue lysates
The distribution of luciferase expression in fos/luc and CMV/luc trans-
genic animals was determined by analysis of luciferase activity using
the method described by Brasier et al. [44]. Tissues were rapidly
removed, minced and immediately frozen. The frozen tissue fragments
were thawed in lysis buffer containing 25 mM glycylglycine (free base
pH 7.8), 15 mM MgSO4, 4 mM EGTA, 1 mM dithiothreitol and 1%
Triton X-100. After trituration, the samples were centrifuged for 5 min
at 13,000 × g and the supernatant was recovered. For analysis of
luciferase activity, each sample was diluted in 380 ml 25 mM glycyl-
glycine buffer (pH 7.8) containing 15 mM MgSO4, 4 mM EGTA, 15 mM
KPO4, 1 mM dithiothreitol and 2 mM ATP. Light emission from the
samples was measured using a Turner model 20e luminometer follow-
ing the addition of 100 µl D-luciferin (monopotassium salt). Total
protein was determined using the Bio-Rad protein assay.
Dispersed cell cultures
Mice were maintained on a cycle of 12 h light/12 h dark to entrain the
circadian system. All animal care protocols were approved by the Com-
mittee on Animal Care and Use at the University of Virginia. After decap-
itation of 4–6 day-old mice and removal of brains, the SCN region was
dissected with iridectomy scissors. The SCN and a small amount of sur-
rounding hypothalamic tissue were placed in chilled Hank’s buffered
salts solution with 10 mM Hepes, 100 U/ml penicillin and 100 mg/ml
streptomycin (HBSS). The tissue harvested from a litter of mice was
digested for 30–60 min in 1 ml papain with DNase (Worthington) at
37°C, triturated with glass fire-polished pipettes, and added to an
excess of culture medium consisting of Dulbecco’s modified eagle
medium (DMEM) without glutamate, with 10% NCS, B27 supplements
(Gibco BRL) and antibiotics; this medium had previously been equili-
brated with 5% CO2. The cells were centrifuged at 300 × g for 5 min,
and resuspended in medium. Aliquots of 20 µl were placed on glass
coverslips coated with poly-D-lysine in 35 mm culture dishes and the
cells were allowed to attach for 10 min before adding 2 ml medium. Typ-
ically, one litter produced 15–20 12 mm cover slips. The dishes were
maintained in a 5% CO2 incubator for 5–21 days before recording. Half
of the medium in the dish was exchanged every 3–4 days.
Northern analysis
Dispersed whole-brain cell cultures were prepared from neonatal fos/luc
mice as described above and used to inoculate 100 mm culture dishes.
The cultures were maintained in serum-free medium for 5 days before
the start of the experiment. Two 100 mm cell cultures were used for the
control (0 min) and the remaining dishes received a 25 min treatment
with 10% NCS. Total RNA was extracted at the indicated time points
using the Total RNA isolation kit (Ambion) and integrity of the RNA was
assessed by electrophoresis and detection of 28S and 18S ribosomal
RNAs with ethidium bromide. For determination of endogenous mouse
c-fos mRNA and luciferase mRNA transcribed from the transgene,
10 µg total RNA for each time point was loaded on a denaturing
agarose gel. For determination of mouse GAPDH mRNA levels as an
internal standard, 5 µg total RNA was loaded in adjacent lanes on the
same gel. The RNA was fractionated by electrophoresis and transferred
to nylon membrane (Zeta-probe, Bio-Rad) by capillary diffusion. The
membranes were cut between lanes and, after prehybridization, the
membranes were hybridized with 1 × 106 cpm/ml antisense 32P-labeled
cRNA probes complementary to mouse c-fos exon 4, mouse GAPDH
(pTri-c-fos/exon 4-mouse and pTri-GAPDH, respectively; Ambion), or
the last 413 bp of the firefly luciferase coding sequence (pGEM Luc,
Promega) at 65°C overnight. The membranes were washed as recom-
mended by Ambion and exposed to film at –70°C.
SCN explant cultures
Adult and juvenile mice were decapitated after anesthetizing them with
sodium pentobarbital injected I.P. The brain was removed and placed
in chilled HBSS. The paired SCN were cut from 400 µm coronal brain
slices made with a Vibroslicer (World Precision Instruments) and
placed in a thin film of serum-free Hepes-buffered DMEM in which
sodium bicarbonate was reduced to 0.35 mg/ml and 10 mM Hepes,
B27 supplements and 1 mM luciferin were added. This medium, which
just covered the tissue, promoted attachment and thinning of the cul-
tures. SCN explants from neonatal (3–6 day old) mice were also cut
from 400 µm coronal slices. Before recording bioluminescence, these
explants were maintained for at least 1 week in a 5% CO2 incubator at
37°C with a thin layer of the cell culture medium, changing the medium
every 2–3 days. The neonatal SCN explant cultures were given 10%
serum at all times.
Bioluminescence recording
Bioluminescence from cell cultures and brain slice cultures was moni-
tored in three different ways. Localization of luciferase expression to
regions in brain slice cultures was determined by imaging biolumines-
cence with an intensified charge-coupled device (ICCD) camera
(C2400-97) and an Argus-50 photon-counting image processor from
Hamamatsu Photonic Systems. Photon counts were integrated over
times between 1 min and 1 h. Cultures were maintained in a thin layer of
Hepes DMEM medium with 1 mM luciferin at room temperature (22°C) in
a humidified environment. Some neonatal brain slices were maintained in
a CO2 incubator with medium used for dispersed cell cultures for
5–7 days before imaging. Brain slices were imaged from above with a
50/1.2 Nikon camera lens. Alternatively, brain-slice cultures were placed
on top of an optic fiber bundle directly coupled to the ICCD camera. To
monitor evoked bioluminescence responses, cell cultures were main-
tained in 1 ml Hepes–DMEM in 23 ml glass scintillation vials that allowed
for exchange of medium under sterile conditions. The vial was fitted with
a rubber stopper containing a spinal syringe needle (19 gauge, 3.5 inch)
reaching the bottom of the vial and a second needle fitted with a sterile
filter (0.2 µm). Tubing for medium exchange extended from the vial to the
outside of the incubator. Explant cultures were sealed tightly in glass
scintillation vials or plastic cover dishes and maintained as static cultures
in 0.5 ml Hepes–DMEM during the recording period to avoid any move-
ment of the tissue. Recordings were made with a Turner luminometer
interfaced to a computer, using 30 sec integrations obtained every
minute from samples maintained at 22 ± 1°C. Bioluminescence was also
measured with photon-counting modules (HC-135, Hamamatsu)
selected with dark counts below 20 counts/sec (CPS). The modules and
cultures were enclosed in a light-tight chamber inside a temperature-con-
trolled incubator at 25 ± 0.1°C and interfaced to IBM PC-type computers
for continuous data acquisition. Photon counts were integrated over
1 min intervals. The cell culture luminescent signal was allowed to reach
a stable level prior to the addition of treatments; this typically took approx-
imately 2 days. Pharmacological treatments were prepared in stock solu-
tions and mixed with Hepes–DMEM to the appropriate concentration
before being added to the cultures. PTZ (Sigma) was dissolved in water,
and forskolin (Sigma) was premixed with dimethylsulfoxide (DMSO) to
give a final DMSO concentration of 0.2% (v/v).
Data analysis
The last several days of bioluminescence recordings from SCN explant
cultures were used in estimates of period. The earlier portion of the
record in which there was no obvious circadian rhythm by eye was not
used. The data were detrended and FFT-NLLS was used to obtain
period estimates. This statistical analysis has been described else-
where [26] and consists of a Fourier analysis to provide initial guesses
of component frequencies that are then used in the NLLS analysis to
provide a best fit of the data with a composite of cosine waves. Joint
confidence limits that are approximate, non-linear and asymmetric were
calculated for all model parameters at 95% confidence probability after
convergence of the NLLS routine [27].
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